Deregulated proliferation is key to tumor progression. Although unrestricted proliferation of solid tumor cells correlates with the cold-shock protein Y-box (YB)-binding protein-1 accumulation in the nuclei, little is known about its expression and function in hematopoietic malignancies, such as T-cell acute lymphoblastic leukemia (T-ALL). Here we show that YB-1 protein is highly enriched in the nuclei of activated T cells and malignant human T-ALL cell lines but not in resting T cells. YB-1 S 102 mutations that either mimic (S102D) or prevent phosphorylation (S102N) led to accumulation of YB-1 in the nucleus of T cells or strictly excluded it, respectively. Inactivation of ribosomal S6 kinase (RSK) was sufficient to abrogate T-cell and T-ALL cell proliferation, suggesting that RSK mediates cell-cycle progression, possibly dependent on YB-1-phosphorylation. Indeed, phosphomimetic YB-1 S102D enhanced proliferation implying that S 102 phosphorylation is a prerequisite for malignant T-cell proliferation. At initial diagnosis of T-ALL, YB-1 localization was significantly altered in the nuclei of tumor blasts derived from bone marrow or peripheral blood. Our data show deregulated YB-1 in the nucleus as a yet unreported characteristic of T-ALL blasts and may refine strategies to restrict progression of hematopoietic tumors.
T-ALLs are aggressive hematological tumors resulting from malignant transformation of lymphoid progenitor cells.
1,2 With current chemotherapy protocols, only about 50% of adults are cured, 3 and the outcome of T-ALL patients with primary resistance to chemotherapy or relapse remains poor. 4, 5 For the development of aggressive cancer cells, abnormal proliferation is necessary: hyperproliferation when expanding and hypoproliferation when resting until a relapse. Therefore, an advanced understanding of the molecular events underlying deregulated proliferation of leukemic T-cell blasts will help refining therapeutic approaches.
YB-1 has emerged as a potential oncogene promoting tumor cell proliferation in solid cancers when expressed at elevated levels. 6, 7 Human YB-1-and its paralog, DbpA, are members of the CSD protein family that regulate the expression of target genes at the level of transcription and translation. YB-1 has a role in the regulation of mRNA packaging and stabilization and controls mRNA translation globally because of its capacity as a major protein of cytoplasmic mRNPs. [8] [9] [10] [11] Target mRNAs include IL-2, GM-CSF, CD44, and IFNR2 (ref. [12] [13] [14] . YB-1 is a transcription factor promoting the expression of many genes involved in cell growth, including PCNA, EGFRα, and DNA polymerase A [15] [16] [17] [18] that was regulated through either direct or indirect YB-1 interaction with the Y-box (inverted CCAAT-box) or other sequences in gene promoters. 19 Notably, the role of YB-1 in regulating transcription is influenced through interaction with mRNA and DNA and by co-transcriptional events (splicing, mRNA packaging and stabilization). 19 During tumor progression, YB-1 regulates transcription of genes such as MDR1, cyclin A, and cyclin B1 (ref. 20, 21) . In fibroblasts and breast cancer cell lines, it has been shown that nuclear localization of YB-1 is mediated by its phosphorylation at Ser 102 (ref. [22] [23] [24] . In HeLa cells, nuclear YB-1 localization is linked to cell-cycle progression during the G1/S phases. 21 Thus, to ensure a healthy balance between tissue maintenance and renewal, YB-1's expression as well as localization is tightly controlled.
T-ALL can develop from multiple stages of lymphoid progenitors during T-cell development; however, its characteristic malignant signal transduction machinery resembles activated effector T cells. 25, 26 Expansion of T cells requires engagement of the TCR/CD3 complex and the co-stimulatory molecule CD28. CD28 co-stimulation has been shown to augment cytokine mRNA levels and G1-kinases. 27 Moreover, it increases cellular metabolism and promotes cell survival. 28, 29 We asked in the present study how YB-1 expression is regulated in malignant T cells and whether it serves as central switch for malignant T-cell transformation, leading to deregulated cell proliferation.
Results
Elevated YB-1 expression in activated primary human CD4 + T cells and T-ALL cell lines. First, we quantified YB-1 expression in primary T cells versus Jurkat, Molt-16, and RPMI-8402 cell lines derived from peripheral blood of T-ALL patients. 30 Western blotting analysis revealed weak expression of YB-1 in subtypes of resting primary CD4 + T cells but much higher YB-1 levels in T-ALL cells ( Figure 1a ).
As T-ALL cells share characteristics with activated T cells, we assessed YB-1 levels in primary CD4 + T cells activated by Staphylococcal enterotoxin B (SEB), Concanavalin A (ConA), PMA, and Ionomycin ( Figure 1b) . The percentage of CD4 + T cells with detectable YB-1 expression clearly increased within 24 h of stimulation, yet either hardly reached or remained below the 100% level detected for non-stimulated Jurkat cells ( Figure 1b) . Next, we analyzed the effect of TCR/CD3 activation with or without CD28 co-stimulation on YB-1 expression. qRT-PCR analysis revealed that, at 6 h, co-stimulation via CD28 led to a seven-fold increase in YB-1 mRNA levels, which returned to baseline at 24 h (Figure 1c ). In contrast, transcript numbers for the YB-1 paralog DbpA remained unaltered. In Jurkat cells, mRNA expression for YB-1 and DbpA mRNA remained unaffected by TCR/CD3 triggering even upon co-stimulation (Figure 1c) .
At the protein level, YB-1 remained low for 48 h after beginning of the stimulation but was increased 4-5 times at 16 
YB-1 localization in the T-cell nuclei is stimulation dependent.
In order to analyze the subcellular YB-1 localization during proliferation and differentiation, we stimulated primary and malignant CD4 + T cells either with anti-CD3 or anti-CD3/anti-CD28 and prepared cytoplasmic and nuclear protein extracts. Western blotting analysis revealed that in unstimulated primary T cells YB-1 is weakly expressed in the cytoplasm and nucleus (Figure 2a ). Upon stimulation using anti-CD3 or anti-CD3/antiCD28, a significant amount of YB-1 was detectable in the nucleus (Figure 2a ). Ser 102 -phosphorylated YB-1 (pYB-1 S102 ) was found in the cytoplasm and nucleus of primary and Jurkat cells and its distribution between the two compartments appeared unaffected upon stimulation (Figure 2a ). Of note, cytoplasmic and nuclear DbpA expression in primary CD4 + T cells and Jurkat cells were differently affected by stimulation showing that the two cold-shock proteins are regulated independently (Figure 2a) .
To detect the localization of YB-1 in the nuclei, we isolated the nuclei of primary CD4 + T cells and labeled them with 4′,6-diamidino-2-phenylindole (DAPI) and mixed them with CFSE-labeled cells as controls. Using flow cytometry, this allowed us to gate unambiguously on individual nuclei (Figure 2b ). When isolated nuclei stained for YB-1 were analyzed in this way, a nuclear accumulation of YB-1 upon stimulation became evident (Figure 2c ). 7 T-ALL cells and each subset of CD4 + T cells (pooled from four different donors) were subsequently lysed, and 30 μg of protein was subjected to 12% SDS-PAGE, and western blotting analysis was performed using the indicated antibodies. Experiments were performed in triplicates and one representative example is shown. (b) PBMCs of four different donors were stimulated either with 1 μg/ml ConA or 1 μg/ml SEB or 10 ng/ml PMA plus 1 μg/ml Ionomycin for specified time points. For flow cytometry, 1 × 10 6 PBMCs were fixed and permeabilized and subsequently incubated with primary anti-YB-1 c-terminal antibody and fluorescence-labeled secondary antibody together with direct-labeled anti-CD45 Ab, anti-CD3 Ab and anti-CD4 Ab for identification of CD4 + T cells. the PKC inhibitor Rottlerin caused a 48% reduction of nuclear YB-1 in CD4 + T cells (Figure 3a) . RSK inhibitor SL0101 reduced activation-induced nuclear YB-1 accumulation by 60% compared with controls ( Figure 3a) . In Jurkat cells, Akt or PKC inhibition showed no effect, whereas the RSK inhibitor reduced the nuclear accumulation of YB-1 by half (Figure 3a , lower row).
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To confirm that YB-1 phosphorylation was essential for nuclear translocation, Ser 102 was mutated to either asparagine or aspartic acid, and the resulting mutants were expressed as GFP fusion proteins (GFP-YB-1 S102N and GFP-YB-1 S102D ). Fluorescence microscopy of lentivirustransduced primary T cells revealed that the phosphomimetic GFP-YB-1 S102D was predominantly found in the nucleus, whereas the phosphorylation-deficient GFP-YB-1 S102N version was exclusively localized in the cytoplasm of CD4 + T cells (Figure 3b ). We summarized our results in a scheme (Figure 3c ), which suggest that YB-1 S 102 phosphorylation by RSK and, to a minor extent, by Akt and PKC in primary human CD4 + T cells and, especially in malignant T cells, is a + T-cell lysates of four different donors were pooled. Thirty micrograms of cytoplasmic and nuclear proteins were subjected to 12% SDS-PAGE, and western blotting analysis was performed using the indicated antibodies. GAPDH (glyceraldehyde 3-phosphate dehydrogenase; cytoplasm) and Lamin B (nucleus) were used for internal normalization and relative intensity is shown below each blot. Experiments were performed in triplicates, and one representative example is shown. In addition, we investigated the impact of YB-1 inactivation in T-cell proliferation using specific shRNA. Resting CD4 + T cells were infected with virus (multiplicity of infection (MOI) 100) containing either control shRNA (pLKO) or YB-1shRNA (pLKO-YB-1shRNA) for 6 days. At the indicated time point, the 'knockdown' efficiency was determined by analyzing intracellular YB-1 using flow cytometry (Figure 4d ; graphs on the top). In parallel, we analyzed the proliferation capacity of CD4 + T cells, which were labeled with CFSE prior to virus infection and stimulated with anti-CD3/anti-CD28-coupled beads. Flow cytometric analysis on day 6 revealed that CD4 + T cells with the predominant knockdown of YB-1 (Figure 4d ; right graph on top) showed significant higher CFSE-positive cells (MFI 8000) compared with control shRNA (MFI 4500) (Figure 4d ; lower graph on the right), demonstrating that limiting YB-1 protein resulted in reduction of mitotic events. Strikingly, even highly proliferating Jurkat cells displayed a significant blockade of cell proliferation after shRNA-mediated YB-1 knockdown (Figure 4e) .
We next searched to determine the impact of the nuclear entity of YB-1, specifically pYB-1 S102 , on proliferation. As RSK inhibition strongly interfered with nuclear accumulation of YB-1 (Figures 3a and b) , we analyzed its effect on the expansion of primary and malignant T cells. In fact, the RSK inhibitor SL0101 clearly reduced the proliferation of activated CD4 + T cells in a dose-dependent manner (Figure 5a ). Moreover, SL0101 at 100 μM strongly diminished the expansion of Jurkat, RPMI-8402, and Molt16 cells (Figures 5a and b) . Notably, inhibition of Akt only slightly impaired the proliferation of activated CD4 + T cells and had virtually no effect on the expansion of malignant T cells (Figures 5a and b) . To further assess a possible pro-proliferative effect of S102-phosphorylated YB-1, we expressed the phosphomimetic GFP-YB-1 S102D variant in preactivated CTV-labeled CD4 + T cells. Flow cytometric analysis on day 5 revealed significantly higher proliferation rates for YB-1 S102D -expressing cells compared with control cells expressing GFP or the phosphorylation-deficient GFP-YB-1 S102N variant (Figure 5c ). These findings strongly support the idea that S102 phosphorylation-dependent nuclear accumulation of YB-1 is the rate-limiting step to the proliferation of T cells.
We also exploited the ability of Fisetin, a plant-derived polyphenol, to inhibit phosphorylation of YB-1 at Ser 102 (Figure 5d, left) . 33 Anti-CD3/anti-CD28-stimulated CD4 + T cells and unstimulated controls were treated with Fisetin for 48 h and analyzed for the expression of G1 kinases cyclin D2 and cdk6 that need to be upregulated to induce cell-cycle progression into S phase. After 48 h of T-cell activation plus Fisetin treatment, no significant effect on cyclin D2 protein expression appeared, but Fisetin caused a drastically reduced cdk6 expression (Figure 5d , right).
Nuclear YB-1 expression in samples of T-ALL patients. According to the aforementioned data, YB-1 is likely a key switch controlling cell-cycle progression. To assess whether YB-1 is deregulated in hematopoietic malignancies, we investigated the nuclear localization of YB-1 in bone marrow cells of 16 T-ALL patients, consisting of adult (n = 5) and children (n = 11) samples at initial diagnosis showing 480% lymphoblasts. To monitor the proliferation indices of bone marrow cells of T-ALL patients (n = 8, at least 80% tumor blasts), we analyzed the expression of Ki-67 in samples of resting and activated primary CD4 + T cells (n = 5) from healthy donors and T-ALL cell lines by qRT-PCR. Results showed a significant reduction of Ki-67 transcripts in CD4 + T cells isolated from bone marrow of T-ALL patients compared with resting primary CD4 + T cells and activated CD4 + T cells of healthy donors (Figure 6a ). Also, hyperproliferative T-ALL cell lines showed higher numbers of Ki-67 transcripts ( Figure 6a ). As the proliferation-dependent expression of Ki-67 is low, these data suggest that bone marrow-derived tumor blasts from T-ALL patients exhibit low proliferation (Figure 6a ), whereas activated primary T cells and T-ALL cell lines showed a high proliferative profile.
Next, nuclei were isolated from bone marrow cells from 16 patients (see above) and nuclear YB-1 expression was determined by flow cytometry as described in Figures 2b and c. Resting and anti-CD3/CD28-activated T cells of healthy volunteers and bone marrow cells from patients (n = 5) without blasts who recently achieved remission from AML served as controls (Table 1 ). Our analyses demonstrated that nuclear YB-1 derived from bone marrow was similarly low in adults and children with T-ALL. It was highly significantly reduced by 80% in blasts of both adults and children with T-ALL when compared with patients in remission (Figure 6b ). Anti-CD3/ anti-CD28-activated T cells displayed 12-fold enhanced + T cells by viral transduction using specific YB-1shRNA. CD4 + T cells were transduced using measles virus system. CD4 + T cells were infected with measles virus carrying YB-1shRNA or control shRNA (short hairpin RNA). At specified time points, anti-CD3/anti-CD28-activated CD4 + T cells were fixed, permeabilized, stained, and analyzed by flow cytometry as described before. The top panel shows the knockdown efficiency in the percentage of cells either transduced with control vector or specific YB-1shRNA over specified time. The panel below demonstrates the average amounts of CFSE-positive CD4 + T cells analyzed by flow cytometry that were either transduced with YB-1shRNA or control shRNA, followed by activation using anti-CD3/anti-CD28 crosslinking for the indicated time points. Data summarized from four different experiments using CD4 + T cells. The mean value and S.E.M. are indicated, and for statistics, the two-tailed Student's t-test was applied. *Po0.05, **Po0.01, ***Po0.001. (e) Viable Jurkat cells after YB-1 inactivation detected by trypan blue staining. Jurkat cells were transduced with lentiviral particle containing YB-1shRNA (MOI 10) or control shRNA and a puromycin-resistance gene. On day 5, puromycin was added for selection. Viable cells were counted at the indicated time points. The data are summarized and normalized from three different experiments. The mean value and S.E.M. are indicated, and for statistics, analysis of variance was applied Role of YB-1 in T-ALL S Gieseler-Halbach et al Figure 5 The impact of Akt, PKC, and RSK kinases on primary and malignant CD4 + T-cell proliferation. (a) CD4 + T cells were labeled with carboxyfluorescein succinimidyl ester CFSE; 1.6 μM) and subsequently stimulated with anti-CD3/anti-CD28-coupled beads. At day 3, Akt inhibitor II was added as described in Figure 3a nuclear YB-1 compared with T-ALL patients (Figure 6b) . Notably, at the time point of initial diagnosis of T-ALL (480% blasts), YB-1 protein expression between patients reaching remission or not upon treatment later on were almost identical (data are shown combined in Figure 6b , samples: T-ALL bone marrow). In contrast to the bone marrow-derived tumor blasts, the aggressively proliferating Jurkat, Molt16, and RPMI-8402 cells exhibited a high MFI of 4284 ± 273 of nuclear YB-1 compared with resting CD4 + T cells (Figure 6b ). The data also demonstrated that no matter whether T cells are malignant or 'normal', when having a high-proliferative profile determined by Ki-67, they also showed high YB-1 content in the nucleus, and cells with a low-proliferative profile showed low YB-1 expression in the nucleus. In addition, T-ALL blasts and cell lines showed extreme values either lower than resting T cells or as high as activated primary T cells.
As we have found bone marrow cells of T-ALL patients to have low YB-1 expression in the nucleus but cell lines derived from peripheral blood 30 to express high levels of nuclear YB-1, we tested whether high nuclear YB-1 is in particular a characteristic for tumor blasts from peripheral blood. Although Abbreviations: BM, bone marrow; CR, complete remission; ND, not determined; T-ALL, T-lineage acute lymphocytic leukemia; WBC, white blood cell. Looking at individual nuclei, they contained one-third or twothird of a YB-1 low fraction, respectively. Indeed, just as in bone marrow, a fraction of the cells expressing very low amounts of YB-1 in the nucleus was detected in all three patients but not in healthy controls. In addition, also a small fraction with very high YB-1 content appeared. Interestingly, only the T-ALL patient who suffered from fatal relapse within 2 years after diagnosis exhibited an overall 1.5-fold enhanced MFI of nuclear YB-1, that is, as high as for strongly activated CD4 + T cells of healthy donors (Figure 6c ; lower right versus lower left panel). Besides an enhanced overall MFI, patient #3 showed a YB-1 low subfraction and, most importantly, more than half of the nuclei had a very high content of YB-1, comparable to that of strongly activated T cells and even as high as T-ALL lines (Figures 6a and d) . Thus, all patients showed deregulated nuclear YB-1 in T-ALL blasts in bone marrow and peripheral blood.
Role of YB-1 in T-ALL
Collectively, our results demonstrate that RSK-dependent nuclear localization of YB-1 is a key limiting step to cell-cycle progression of primary and malignant T cells. Our studies further support an oncogenic role of deregulated nuclear YB-1 in T-ALL.
Discussion
In the present study, we have uncovered YB-1 as a central player driving proliferation of primary and malignant T-cell blasts. We found that YB-1, but not its paralog DbpA, is induced upon T-cell stimulation in primary CD4 + T cells. This observation is reminiscent to previous reports on stimulationdependent enhancement of YB-1 in non-lymphoid cell types. [34] [35] [36] [37] Although the low constitutive YB-1 level in nonstimulated T cells might be important for slow, homeostatic proliferation of resting T cells, 38, 39 our data indicate that strong upregulation of YB-1 is obligatory for extensive T-cell expansion. Specifically, this conclusion was drawn from our findings that (i) high leukemic blasts express very high levels of YB-1, (ii) only YB-1 high T cells extensively proliferate and (iii) YB-1 inactivation abrogates cell proliferation (Figures 4a  and d) . Consistent with this notion, we found that co-stimulation of T cells with anti-CD3/anti-CD28 as compared with stimulation with anti-CD3 alone significantly induced YB-1 protein expression (Figures 1c and d) , suggesting that YB-1 may be involved in mediating pro-proliferative effects of CD28 such as IL-2 mRNA stabilization and upregulation of G1 kinases. In light of a previous study showing that YB-1 stabilizes IL-2 transcripts in Jurkat cells 40, 41 and the here presented effects of YB-1 on T-cell proliferation (Figures 4a  and c) , it is conceivable that YB-1 and CD28 signaling pathways are interconnected. 27 However, as YB-1 did not regulate cyclin D2, it is not just amplifying CD28 or TCR effects in general. 42 Moreover, the herein reported proliferation control by YB-1 was not solely a consequence of enhanced IL-2 production, as YB-1-dependent upregulation of G1 kinase cdk6 occurs independently from IL-2. 27 Subcellular localization and regulatory activities of YB-1 are tightly controlled by several mechanisms, including phosphorylation. Several studies suggested that, next to Akt, RSK and isoforms of PKC (α, β, and γ) may regulate YB-1 via Ser 102 phosphorylation. 22, 24, 43 For PKCα, however, only 19% phosphorylation efficiency was demonstrated for a YB-1 target peptide. 24 Additionally, although Akt was originally the main candidate to phosphorylate and activate YB-1 in breast cancer cell lines, 22 it was corrected to be less important compared with RSK. 24 Distinguishing between conventional T cells and T-cell blasts, RSK inhibition, and not Akt or PKC inhibition, could specifically inhibit YB-1 nuclear localization and proliferation in aggressively expanding T-ALL cell lines. Thus targeting RSK for restraining aggressive expansion of leukemic tumor cells might be an attractive option.
As we find that TCR and CD28 signaling induces not only the expression of YB-1 but also triggers its phosphorylation and translocation into the nucleus, both signals regulate YB-1 in at least two ways, transcriptionally and posttranslationally. In malignant T-cell lines, where YB-1 is highly expressed and found in the nucleus, inhibition of YB-1 expression led to cellcycle arrest (Figure 5c ), presumably owing to YB-1 dilution during mitosis. YB-1 thus emerges as a promising target to halt cancer progression. Resting cancer cells, however, might not be affected by suppression of YB-1, that is, the disease might persist in a quiet but chronic state. On the other hand, as even homeostatic proliferation of T cells might need low amounts of YB-1, quiescent leukemic cells with lowproliferation rates might be eradicated by long-term manipulation of YB-1. 40, 41 T-memory cells in a resting state favor the bone marrow as a survival niche and lymphocyte-derived tumor cells might behave similarly. [44] [45] [46] Just as our T-ALL tumor blasts, T-memory cells showed reduced proliferation and acquire a resting state, although they may be reactivated rapidly. It is tempting to speculate that tumor cells in these niches exploit mechanisms used by memory T cells, e.g. contact with stroma cells, availability of surviving factors such as IL-7 to keep cells in a low proliferative state, which likely is accompanied by nuclear YB-1 exclusion. [46] [47] [48] We have illustrated that a characteristic of malignant T-ALL blasts and cell lines is deregulated YB-1 nuclear localization. Already at diagnosis, localization and amounts of YB-1 expression in tumor blasts of the peripheral blood are likely connected to patient's outcome ( Figure 6 ). In fact, YB-1 translocation from the cytosol to the nucleus could mark the switch from low to highly aggressive proliferating tumor cells.
Thus knowing YB-1 deregulation at the time point of diagnosis could well help to determine the best therapeutic protocol for each individual patient. Of note, enhanced YB-1 expression and translocation was even superior to the common marker Ki-67 in terms of timing. Thus, besides being a potential oncogenic target, the newly identified characteristics of T-ALL cells might offer a diagnostic parameter to predict aggressiveness of cancer progression as early as possible and thus to pick the most appropriate treatment protocol for a favorable long-term outcome in patients.
Materials and Methods
Antibodies, inhibitors, and plasmids. Allophycocyanin-coupled anti-CD4 (RPA-T4), FITC-coupled anti-CD45RA (HI100), PE-coupled anti-CD45RO (UCHL1), and PE-coupled anti-CD31 (WM59) antibodies (Ab) were purchased from BD Biosciences (Heidelberg, Germany). PeCy7-coupled anti-Ki-67 (Ki-67) Ab was obtained from BioLegend (San Diego, CA, USA). Primary Ab for YB-1 C-terminal (EP2708Y) was purchased from Abcam (Cambridge, UK). Ab for YB-1 (59-Q), GAPDH (A-3), and Lamin B (C-5) were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Ab for phospho-YB-1 (Ser102; C34A2), cyclin D2 (D52F9), cdk6 (D4S8S), and p27Kip1 (D37H1) were obtained from Cell Signaling (Danvers, MA, USA). A peptide-based affinity-purified anti-DbpA Ab was generated by Eurogentech (Liege, Belgium). Secondary Abs, such as Brilliant Violet 421 donkey anti-rabbit (Poly4064) and Alexa Fluor 647 donkey anti-rabbit (Poly4064), were obtained from BioLegend. Green or red infrared dye-conjugated secondary Abs IRDye 800CW goat anti-mouse IgG, IRDye 800CW goat anti-rabbit IgG, IRDye 680RD goat anti-mouse IgG, and IRDye 680RD goat anti-rabbit IgG were purchased from LI-COR (Lincoln, NE, USA). Akt (II) and RSK (SL0101) inhibitors were purchased from Merck Millipore (Darmstadt, Germany), and PKC inhibitor Rottlerin from Santa Cruz Biotechnology. Nocodazole and Paclitaxel were obtained from Sigma-Aldrich (St. Louis, MO, USA). Fisetin was purchased from Santa Cruz Biotechnology. The DNA constructs pCG-HΔ24 and pCG-FΔ30 for transduction using measles virus system was kindly provided by F-L Cosset and F Fusil (International Center for Infectiology Research; University of Lyon, Lyon, France). The expression vectors pLKO and pLKO-YB-1shRNA were purchased from SigmaAldrich and were further genetically modified.
Samples. PBMCs were obtained from leukocyte reduction filters (Sepacell RZ-2000; Asahi Kasei Medical, Tokyo, Japan) from the Department of Transfusion Medicine and Immunohematology and blood bank at the University Hospital Magdeburg. Material from blood and bone marrow punctures of T-ALL patients were collected at the Division of Hematology and Oncology, University Hospital Magdeburg, Magdeburg, Germany and the Division of General Pediatrics, University Hospital Schleswig Holstein in Kiel, Germany. This study was approved by the local Ethics Committee (MD 115/08) and the institutional review board, and all patients provided informed written consent in accordance with the Declaration of Helsinki.
Human T-cell purification. PBMCs from filters from healthy donors were purified using a Ficoll 400-based (Lymphocyte Separation Medium LSM 1077; PAA Laboratories, Pasching, Austria) density gradient. Total CD4 + T cells (naive, effector, memory) were enriched using CD4-MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and autoMACS-Pro isolation (Miltenyi directly) from purified PBMCs according to the manufacturer's instructions. CD4 + T cells were maintained at 37°C in serum-free X-VIVO 20 medium (Lonza, Verviers, Belgium) supplemented with 10 μg/ml streptomycin and 10 U/ml penicillin (Life Technologies GmbH, Darmstadt, Germany).
Cell lines. The T-ALL cell lines Jurkat, Molt-16, and RPMI-8402 were provided by the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). Cells were cultured in RPMI-1640 medium containing 10% fetal calf serum (Biochrom AG, Berlin, Germany), 2 mM L-glutamine, 10 μg/ml streptomycin, and 10 U/ml penicillin (Life Technologies GmbH). HEK-293T cells were cultured in DMEM medium containing high glucose, sodium pyruvate, 10% fetal calf serum (Biochrom AG), 10 μg/ml streptomycin and 10 U/ml penicillin (Life Technologies GmbH). All cell cultures were maintained at 37°C and 5% CO 2 .
T-cell activation. Cells were incubated either with 1 μg/ml ConA or 1 μg/ml superantigen SEB, or 10 ng/ml PMA and 1 μg/ml Ionomycin (Sigma-Aldrich). For polyclonal stimulation, both 5 × 10 5 CD4 + T cells and 2 × 10 5 Jurkat cells were cultured in U-bottom 96-well plates with latex beads (PostNova Analytics, Salt Lake City, UT, USA), which were either coated with anti-CD3 (UCHT1; BD Biosciences) or anti-CD3 and anti-CD28 (CD28.2; BD Biosciences) at a cell-to-bead ratio of 1:1. The beads were prepared by coupling either 2.5 μg/ml IgG1 isotype (MG1-45; BD Biosciences) Ab only or 0.5 μg/ml anti-CD3 and 2 μg/ml IgG1 isotype Abs or 0.5 μg/ml anti-CD3 and 2 μg/ml anti-CD28 Abs.
RNA isolation and qRT-PCR. Extraction of total RNA and performance of qRT-PCR were described before. 49 Appropriate primers were obtained from TIB MolBiol (Berlin, Germany) and sequences are described in Supplementary Table  S1 . Data analyses were carried out using the CFX96 Manager Software (Bio-Rad, Hercules, CA, USA). Fold change in the expression of each gene was normalized to the expression of GAPDH using the 2 − ΔΔCT method. 50 Subcellular fractionation. To produce cytoplasmic and nuclear extracts, cells were washed and suspended in buffer A (10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM sodium orthovanadate, complete Mini protease inhibitor cocktail (Roche Diagnostics GmbH; Mannheim, Germany) for 2 min on ice, followed by addition of 0.5% Nonidet P-40 (Sigma-Aldrich) for further 2 min. After centrifugation at 14 000 × g, the supernatant was collected as cytoplasmic extract. The pellet was washed in buffer A and incubated in buffer C (20 mM HEPES (pH 7.9), 420 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM sodium orthovanadate, protease inhibitor cocktail) for at least 2 h with constant shaking at 4°C. Nuclear extract was collected by centrifugation at 14 000 × g for 20 min. Protein concentrations were determined using BCA protein assay (Thermo Scientific, Waltham, MA, USA). Nuclei from T cells and samples from blood and bone marrow punctures of T-ALL patients were extracted using sucrose gradient centrifugation. Briefly, 1 × 10 7 cells were incubated in lysis buffer (320 mM sucrose, 10 mM HEPES, 8 mM MgCl 2 , EDTA-free protease inhibitor, and 0.5% Triton X-100 (pH 7.6)) for 20 min on ice followed by immediate centrifugation at 600 × g. The pellet was washed twice in wash buffer (320 M sucrose, 10 M HEPES, 8 mM MgCl 2 , EDTA-free protease inhibitor).
Immunoblotting. Whole-cell lysates were prepared according to Hebel et al.
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The membranes were incubated with Odyssey Blocking Buffer (ODBB) for 1 h at RT and then probed with primary Ab in ODBB/0.1% Tween-20 overnight at 4°C. Washes (3 × ) with PBS/0.1% Tween-20 (PBS-T) and incubation with secondary Ab for 1 h at RT followed by washes with PBS-T and PBS. For detection, Odyssey infrared dual color imaging system (LI-COR) was used. Quantification of protein expression was determined using appropriate housekeeping protein expression.
Flow cytometric analysis. For intracellular YB-1 staining, cells were fixed with 2% paraformaldehyde, permeabilized with 0.5% saponin (Sigma-Aldrich) in PBS/0.2% BSA, and incubated with primary anti-YB-1 C-terminal Ab and secondary Ab. Cells were washed twice with PBS/0.2% BSA before analysis. For nuclear staining, isolated nuclei were fixed and permeabilized using the Foxp3 Intracellular/ Nuclear Staining Kit (eBiosciences, San Diego, CA, USA). Nuclei were stained using Abs as described above and labeled with 0.2 μg/ml DAPI.
For proliferation analysis, cells were labeled with 1.6 μM CFSE or with 5 μM CellTrace Violet reagent (Life Technologies) and quenched with serum-containing medium. Cytometric analysis were performed using FACS Canto II (BD Biosciences) together with the FACS Diva software Version 6.1.2 (BD Biosciences) to collect and compensate the data and the FlowJo software Version 7.6.5 (Tree Star, Ashland, OR, USA) for data analysis.
Plasmid construction. For the generation of YB-1 mutants, the open reading frame of human YB-1 was PCR-amplified from cDNA clone IRATp970G04108D (Source BioScience, Nottingham, UK; Supplementary Table S2) and inserted into the pEGFP-C1 vector. The EGFP-YB-1 DNA was then inserted as a NheI-XbaIfragment into the lentiviral vector FuGW (Addgene Plasmid no. 14883). Two point mutations were introduced to convert the S 102 -encoding AGT to GAT or AAT encoding for aspartic acid or asparagine. Briefly, in two PCR runs, point mutationcarrying primers (Supplementary Table S2 ) generated two overlapping fragments and the adjoining sequence of the FuGW (overlapping by 10-18 bp). PCR products were purified using a NucleoSpin Extract II Extraction Kit (MachereyNagel, Bethlehem, PA, USA). These fragments were combined with the FuGW-EGFP-YB-1wt that was cut before with BspEI, using Cold Fusion (System Biosciences, Mountain View, CA, USA). Briefly, the opened vector and both PCR fragments were mixed with the Cold Fusion reaction mix and H 2 O and incubated 5 min by RT followed by 10 min on ice. Subsequently, the reaction was used for transformation into E.coli.
For YB-1 knockdown using measles viral transduction, the commercially purchased pLKO and pLKO-YB-1 plasmids were genetically modified by deleting the puromycin-resistance gene and adding the cytoplasmic domain-depleted nerve growth factor receptor gene (ΔNGFR) as selection marker. In brief, pLKO-YB-1shRNA was cut with BamHI and SalI and control pLKO was cut with BamHI and KpnI to remove Puromicin-resistance gene. To add the ΔNGFR gene for selection, PCR was performed using the specific primers (Supplementary Table S2 ). Resulting fragments were combined with Cold Fusion and transformed as described before. All constructs were sequence verified.
Viral transduction of CD4
+ T cells T cells. Lentiviral and measles viral particles were generated in HEK-293T cells with transfer vector (GFP-YB-1 S102D or GFP-YB-1 S102N for lentiviral transduction and pLKO or pLKOYB-1shRNA for measles viral transduction), packaging plasmid psPAX2, and envelope plasmid pVSVG (lentiviral) or pCG-HΔ24 and pCG-FΔ30 (measles viral) using calcium phosphate precipitation. After 48 and 72 h, supernatants containing lentiviral or measles viral particles were collected. For lentiviral transduction, CD4 + T cells were prestimulated for 48 h with anti-CD3/anti-CD28-coated beads. Culture plates were coated with 18 μg/ml Retronectin (Takara Shuzo Co., Otsu, Japan) overnight and blocked with 2% BSA. After washes with PBS, the concentrated lentiviral or measles viral particles were centrifugation-bound to wells for 2 h at 2000 × g. Prestimulated CD4
+ T cells (1 × 10 5 cells/well) for lentiviral infection were added, whereas for the infection with measles virus resting CD4 + T cells were used. After overnight incubation, supernatants were replaced with media. Transduction efficiencies were assessed by FACS analysis 48 h after infection. Silencing of YB-1 expression by siRNA and lentiviral shRNA. CD4 + T cells were either transfected with predesigned 1 μM YB-1siRNA (no. 115541; Life Technologies GmbH) or 1 μM All Stars negative siRNA AF488 (Qiagen, Hilden, Germany) using the Human T-cell Nucleofector Kit according to the manufacturer's instruction (Lonza). After 6-24 h of transfection, CD4 + T cells were stimulated with anti-CD3/anti-CD28-coupled latex beads. Transfection rate was determined after 24-72 h of incubation by FACS and immunoblotting. For lentiviral transduction, Jurkat cells were infected with an MOI of 10 of YB-1shRNA-containing lentiviral particle (Santa Cruz Biotechnology) according to the manufacturer's protocol. Cells were stained using trypan blue and analyzed by microscopy.
Statistical Analysis. A two-tailed Student's t-test was applied to perform statistical analysis. For multiparametric experiments, an ANOVA test was performed. Results were considered significant at *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001. Calculations were performed with GraphPad Prism 6 (San Diego, CA, USA).
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